While chronic wasting disease (CWD) prion transmission, entry, and trafficking remain incompletely elucidated, natural exposure of the oral and/or nasal mucous membranes seems certain. Cervids commonly sustain minor lesions on oral mucous membranes that could have an impact on susceptibility to prion infection. To explore this potential cofactor, we studied cohorts of cervid PrP transgenic mice with or without superficial abrasions on the lingual mucosa to determine whether minor oral mucosa lesions may enhance susceptibility to CWD infections. Results demonstrated that minor lingual abrasions substantially facilitate CWD transmission, revealing a cofactor that may be significant in cervids and perhaps other species.
Chronic wasting disease (CWD) is a fatal neurodegenerative prion disease affecting deer, elk, and moose. The efficiency by which CWD spreads suggests that transmission occurs primarily by horizontal means (22) (23) (24) (25) . Body fluids and excreta, including blood, saliva, urine, and feces from infected cervids, have been shown to contain infectious CWD prions (13, 20, 35) . While the exact mechanisms of CWD prion transmission, entry, and trafficking remain incompletely elucidated, transmission by contact with the oral and/or nasal mucous membranes seems certain. Whether prion infection occurs after mucous membrane exposure may be influenced by cofactors beyond dose, such as particle association with soil and the status of the mucous membrane barrier (12, 16, 17, 30) .
Oral inoculation studies with sheep scrapie and CWD have indicated that early amplification of the resistant prion protein (PrP Sc/CWD ) occurs within the tonsils, retropharyngeal lymph nodes, and/or Peyer's patches (6, 10, 32) . Prion dissemination can also occur through lymphoreticular system (LRS)-independent pathways (4, 7, 28) . The oral cavity is highly innervated (38) , and contact between prions and free nerve endings of the cranial-facial nerves may provide a direct site for prion uptake.
Cervids acquire lesions in the oral mucous membranes through foraging and tooth eruption (31, 33) that could impact susceptibility to prion entry by facilitating direct contact with exposed nerves or blood vessels. The present work was prompted by a study by Bartz et al. (5) , who demonstrated in the transmissible mink encephalopathy (TME) system that lesions on or injection into the tongue enhanced susceptibility to prion infections. We therefore explored the hypothesis that CWD transmission may be facilitated by small lesions on the oral epithelial surface.
Transgenic mice that express the elk prion protein [Tg(CerPrP-E226)5037 ϩ/Ϫ mice; Telling laboratory, University of Kentucky] and are susceptible to CWD infection (1) were used in these studies. Clinical criteria for assessing CWD infection included ataxia, lethargy, tail rigidity, poor coat quality, and weight loss. Mice were euthanized when distinct signs of neurologic disease were evident. CWD agent-and sham-inoculated mice were housed in separate rooms to minimize potential for cross contamination.
The CWD inoculum consisted of brain homogenate from a CWD prion-infected white-tailed deer (no. 104). The negative control was brain homogenate from a CWD prion-naïve whitetailed deer (no. 123). Brain homogenates were prepared in 1ϫ phosphate-buffered saline (PBS) to a concentration of 10% (wt/vol). Two cohorts of Tg(CerPrP-E226)5037 ϩ/Ϫ mice (12 CWD mice and 12 control mice) were inoculated per os (p.o.) by pipette instillation of 10 l of the 10% (wt/vol) brain homogenate onto the lingual surface. Two additional cohorts of Tg(CerPrP-E226)5037 ϩ/Ϫ mice (12 CWD mice and 12 shaminoculated mice) were anesthetized using a ketamine-xylazine mix, and 3 minor abrasions (ϳ3 mm) were created by lightly scratching the lingual surface with a 27-gauge needle. The epithelium was disrupted and small amounts of blood were evident at the scarification sites. Mice were inoculated as described above. Three mice from each cohort were sacrificed at 90 days postinoculation (p.i.) and analyzed for early PrP CWD detection. The remaining mice (n ϭ 9/cohort) were monitored until clinical symptoms became apparent or until study termination at 738 days p.i.
Tissues from necropsied mice were prepared for Western blotting (WB) as described previously (9); samples were electrophoresed for 1.5 h at 125 V and then transferred onto a PVDF membrane (0.22 m; Millipore) for 1.0 h and processed using the SNAP i.d. system (Millipore). Membranes were blocked in a mixture of 0.5% casein-Tris-buffered saline (TBS; Thermo Scientific) and 0.1% Tween 20 (Sigma) for 3 min, incubated with monoclonal antibody BAR-224 (Spi-Bio) conjugated with horseradish peroxidase (HRP) at a 1:20,000 dilution in a mixture of 0.5% casein-TBS and 0.1% Tween 20 for 7 min, and washed 3 times with 1ϫ TBS-0.02% Tween 20.
Tissues were prepared for immunohistochemistry (IHC) analyses as described previously (9) . Staining was performed by hand using a TSA (tyramide signal amplification) Plus dinitro- Of the CWD brain homogenate-inoculated Tg(CerPrP-E226)5037 ϩ/Ϫ mice (n ϭ 9) that did not receive lingual lesions, 2 were euthanized due to neoplasias unrelated to CWD; the remaining 7 mice survived until study termination at Ͼ700 days p.i. (Fig. 1) without exhibiting clinical signs of CWD infection. None of the negative control-inoculated mice developed signs of TSE, although 3 were euthanized due to issues unrelated to CWD. WB analysis of brains from CWD agent-and shaminoculated mice were negative for PrP CWD (data not shown). Despite application of the sensitive TSA IHC methodology, the presence of PrP CWD could not be demonstrated in the brain, tongue, salivary glands, trachea, esophagus, spleen, stomach, or gastrointestinal tract in either the mice sacrificed early or the mice surviving to study termination (data not shown). A summary of these results can be found in Table 1 .
Nine (100%) of 9 CWD brain homogenate-inoculated mice with lingual abrasions developed clinical symptoms consistent with TSE between 296 and 515 days p.i. and were euthanized (Fig. 1) . None of the negative control-inoculated mice (0 of 9) displayed evidence of TSE throughout the observation period of 515 days. PrP CWD was detected in the brains of all 9 CWD brain homogenate-inoculated mice by WB (Fig. 2, lanes 3 to  11) and IHC (Fig. 3A) analyses but was absent in negative control-inoculated mice (Fig. 2, lane 2, and 3B ). Both H&E-stained and IHC sections revealed evidence of neuronal loss and gliosis consistent with CWD infection (data not shown).
TSA IHC analysis of peripheral tissues was again unable to detect PrP CWD . A summary of these results is in Table 1 . Transmission of CWD prions to deer by oral inoculation has been demonstrated experimentally, and the oral route is considered to be the most plausible route of infection in nature (10, 14, 19, 20, 24, 32) . Cervids naturally experience minor oral lesions as part of foraging (2, 33) , although the frequency at which this occurs remains undocumented. Such lesions may provide a cofactor for prion entry that could help explain the facile transmission of CWD. The present study models this natural event in cervid PrP transgenic mice.
Available evidence indicates that cervid PrP transgenic mice are much less susceptible to oral CWD infection than cervids. Establishment of infection requires a potent inoculum, and inoculated mice have relatively low attack rates (29, 37) . Here, we show that this substantial resistance is negated by breeches in the lingual epithelium, enhancing CWD infection rates from 0 to 100%. While Tg(CerPrP-E226)5037 ϩ/Ϫ mice support PrP CWD replication in the spleen and lymph nodes after peripheral inoculation (D. M. Seelig, G. L. Mason, G. C. Telling, and E. A. Hoover, unpublished results), the lack of demonstrable PrP CWD in nonneural tissues of the affected mice in the present study suggests that transit to the brain occurred by an LRS-independent pathway.
Gajdusek (11) suggested that lesions on the conjunctiva or skin or mucosal injury might facilitate the transmission of kuru. ϩ/Ϫ mice with lingual lesions exposed to CWD prions. Samples from mice with lesions exposed to the negative-control inoculum (lanes 1 and 2) showed no evidence of PrP CWD . PK, proteinase K.
VOL. 85, 2011 85, NOTES 1397 This premise was supported by studies indicating that scarification of either skin or gingival tissues enhanced the transmission of scrapie (8, 12, 15, 36) . The work of Bartz and Bessen et al. (5, 7) with hamsters orally exposed to TME most clearly demonstrated that lingual scarification produces significantly increased attack rates, shortened survival, and infection with substantially smaller prion doses. The present study suggests that the enhancement of CWD infection by oral inoculation is even greater. We surmise that mucosal lesions may have made possible direct neural contact, as the tongue is heavily innervated (5, 38) . However, we were unable to detect PrP CWD in tongue or lymphoid tissues by immunostaining at 90 days p.i. or in terminally affected mice. In that CWD is lymphotropic (10, 32, 34) , the lack of discernible PrP CWD in LRS tissues again suggests that prion ascension to the brain occurred independently of the LRS. Caveats in this conclusion include that small PrP CWD aggregates in peripheral tissues may be below the sensitivity limits of TSA IHC protocols and that such aggregates may exist in a formalin-or protease-sensitive form. Nevertheless, while entry via a lymphatic or hematogenous route cannot be excluded, the most plausible pathway would seem to be trafficking along lingual and facial nerves-a prion phenomenon demonstrated previously by the work of several investigators (5, 15, 26) . Dose dependency in prion infections has been demonstrated extensively (3, 18, 21, 27, 29) . While environmental contamination almost surely plays a role in CWD transmission, prion concentrations in excretions, soil, and the environment are very low. The results of the present study may help explain how low concentrations of environmental prions (13, 20, 35) may be able to transit the mucosal barrier to initiate infection in foraging cervids and perhaps in other species.
In summary, superficial lesions on the lingual surface in cervid PrP transgenic mice substantially enhanced susceptibility to oral CWD infection. The absence of PrP CWD detection in the tongue, lymphoid tissues, or any peripheral tissue site suggested a direct neural route of invasion. These results implicate one cofactor that could facilitate CWD infection in cervids after oral exposure to very low concentrations of prions in nature. 
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